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Summary
The fifth report issued by the Intergovernmental Panel on Climate Change forecasts that
greenhouse gases will increase the global temperature as well as the frequency of extreme
weather phenomena. An increasing body of evidence shows the occurrence of severe
asthma epidemics during thunderstorms in the pollen season, in various geographical
zones. The main hypotheses explaining association between thunderstorms and asthma
claim that thunderstorms can concentrate pollen grains at ground level which may then
release allergenic particles of respirable size in the atmosphere after their rupture by
osmotic shock. During the first 20–30 min of a thunderstorm, patients suffering from pol-
len allergies may inhale a high concentration of the allergenic material that is dispersed
into the atmosphere, which in turn can induce asthmatic reactions, often severe. Subjects
without asthma symptoms, but affected by seasonal rhinitis can also experience an
asthma attack. All subjects affected by pollen allergy should be alerted to the danger of
being outdoors during a thunderstorm in the pollen season, as such events may be an
important cause of severe exacerbations. In light of these observations, it is useful to pre-
dict thunderstorms and thus minimize thunderstorm-related events.
Introduction
The fifth report issued by the Intergovernmental
Panel on Climate Change forecasts that greenhouse
gases (such as carbon dioxide, methane and nitrogen
dioxide) will increase global temperatures and as a con-
sequence the frequency of extreme weather phenomena
including snowfalls, heavy rains, storms, hurricanes,
tornadoes and large hail events [1]. This fits in with sci-
entists’ understanding of the fundamental physics of a
warming world. Warmer air carries more moisture,
which means that rain falls in heavier bursts. Projec-
tions show that future precipitation and storm changes
will vary by season and region. Some regions may have
less precipitation, some may have more precipitation,
and some may have little or no change. The amount of
rain falling during heavy precipitation events is likely
to increase in most regions, while storm tracks are pro-
jected to shift poleward [2]. However, because of uncer-
tainty of the projections, the interpretation of how
individual hazards will change is open to question.
Thunderstorms generally lead to negative impacts on
lives and property. One of the potential impacts in human
beings is thunderstorm-related asthma. Thunderstorm
asthma is a term used to describe an observed increase in
acute bronchospasm cases following the occurrence of
thunderstorms in the local vicinity. An increasing body
of evidence shows the occurrence of severe asthma epi-
demics during thunderstorm in the pollen season [3–5],
and it is now recognized that thunderstorms are a risk
factor for asthma attacks in patients suffering from pol-
len allergy [3]. The frequency of thunderstorm-related
asthma might increase because of storm increase. We
present here a state of the art of thunderstorm-related
asthma.
Thunderstorm-associated asthma epidemics:
observational evidence
Several epidemics of asthma have been reported follow-
ing thunderstorms in various geographical zones [6–
14], predominantly in Europe and Australia (Table 1).
The largest asthma outbreak ever recorded was in
London, coinciding with a heavy thunderstorm on 24
June 1994. A large increase in the number of visits for
asthma at the emergency departments of London and
the south-west of England was observed. Several of the
patients who experienced an asthma attack were not
known to be asthmatics or were known to be sensitized
to pollen and had been affected only by seasonal rhini-
tis [6]. During a 30-h period beginning 18:00 on 24
June 1994, 640 patients with asthma or other airways
disease (283 of whom were not known to be asthmatic
and 357 of whom were affected only by seasonal rhini-
tis) attended several emergency departments, nearly 10
times the expected number of 66 patients. In total, 104
patients were admitted, including five to an intensive
care unit, 574 patients whose asthma was attributable
to the thunderstorm. Evidence of another asthma out-
break in the UK was provided by Packe and Ayres [7]
at the East Birmingham Hospital (UK) on 6 and 7 July
1983. This is one of the first observations of the link
between thunderstorms and asthma outbreaks. It was
described as a remarkable increase in the number of
asthma emergency department admissions during the
hours of a thunderstorm. In a 36-h period, 26 asthma
cases were treated in the emergency department, com-
pared with a daily average of two or three cases in the
days preceding the outbreak. Other asthma outbreaks
during thunderstorms have been described in Australia.
In Melbourne, two large asthma outbreaks coincided
with thunderstorms [8]. In Wagga Wagga (Australia),
215 asthmatic subjects attended the local emergency
department, 41 of whom required admission to hospital
[9]. In south-eastern Australia, it was observed that the
incidence of excess hospital attendances for asthma
during late spring and summer was strongly linked to
the occurrence of thunderstorm outflows and demon-
strated that the arrival of a thunderstorm outflow was
accompanied by a large increase in the concentration
of ruptured pollen grains in ambient air [9].
To date, among pollens, only grass, Parietaria and
olive pollen have been suggested as possible triggers in
thunderstorm-related asthma [10]. In Naples (Italy), a
thunderstorm-related asthma episode was observed on
3 and 4 June 2004, when six adults and one child
received emergency treatment. All patients showed
allergic respiratory symptoms upon exposure to Pari-
etaria pollen but were not sensitized to grasses. Pari-
etaria is an Urticaceae that is widespread in the
Table 1. Examples of thunderstorm-associated asthma outbreaks
Year Country Observations
1983 UK 26 sudden cases of asthma attacks in relation to thunderstorms
1992 Australia Late spring thunderstorms in Melbourne can trigger epidemics of asthma attacks (five to 10-fold rise)
1997 UK Asthma or other airways disease hospital visits. 640 cases who attended during a 30-h period on June 1994, nearly
10 times expected number
1992–2000 Canada 18 970 hospital ED asthma visits among children 2–15 years of age. Summer thunderstorm activity was associated
with an OR of 1.35 (95% CI 1.02–1.77) relative to summer periods with no activity
1993–2004 USA 215 832 asthma ED visits; 24 350 of these visits occurred on days following thunderstorms. Significant association
between daily counts of asthma ED visits and thunderstorm occurrence. Asthma visits were 3% higher on days
following thunderstorms.
2000 Australia Asthma visits during thunderstorms
History of hayfever and allergy to ryegrass are strong predictors for asthma exacerbation during thunderstorms in spring
2001 Australia The incidence of excess hospital attendances for asthma during late spring and summer was strongly linked to the
occurrence of thunderstorm outflows
2002 UK A case–control study of 26 patients presenting to Cambridge University Hospital with asthma after the thunderstorm
Alternaria alternata sensitivity is a compelling predictor of epidemic asthma in patients with seasonal asthma and
grass pollen allergy and is likely to be the important factor in thunderstorm-related asthma
2004 Italy Six cases of thunderstorm-related asthma because of pollen (Paretaria)
2010 Italy 20 cases of thunderstorm-related asthma because of pollen (olive tree)
2010 Australia Epidemics of ‘thunderstorm asthma’ that occurred in Melbourne during spring 2010
The approach of spring, together with high winter rainfall in and around Melbourne that heralds another severe pollen
season, raises the risk of allergic rhinitis and asthma in pollen-sensitive individuals
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Southern regions of Italy with a spring and summer
pollen season that is, in part, coexistent with that of
grasses [5]. During the thunderstorm on 3 June 2004,
the concentration of airborne Parietaria pollen grains
was particularly high, with a peak of 144 grains/m3,
whereas air pollution levels for both gaseous and par-
ticulate components based on the hourly concentrations
of nitric dioxide, ozone and respirable particulate mat-
ter were not particularly high [11]. More recently, Los-
appio et al. [12] observed 20 patients with allergic
sensitization to Olea pollen brought to an emergency
department in Barletta, Italy, for sudden and severe
asthmatic symptoms in May 2010 following a violent
thunderstorm that occurred following a very hot morn-
ing (mean temperature: 29°C).
A similar phenomenon has been suggested for
moulds [12] after the observation of a possible key role
of sensitization to Alternaria species in thunderstorm-
related asthma [5]. Of note, most of the aforementioned
asthma epidemics were observed, while levels of chemi-
cal air pollution were below or similar to levels in a
control period.
Although the value of these studies can be criti-
cized because of the small sample size, two studies
based on larger sample sizes in two North American
countries support the existence of thunderstorm-
related asthma cases. In Ottawa, Canada, hospital
emergency department visits for asthma between 1992
and 2000 were identified and their relationships to
fog, thunderstorms, snow, and liquid and freezing
forms of precipitation were investigated. In total,
there were 18 970 asthma visits among children aged
2–15 years and their occurrence was significantly
associated with summer thunderstorm activity relative
to summer periods with no activity (OR 1.35, 95% CI
1.02–1.77) [14]. In Atlanta, GA, USA, 24 350 emer-
gency department asthma visits occurred on days fol-
lowing thunderstorms (out of 215 832 emergency
department asthma visits during the study period)
[15]. A statistically significant association was
observed between daily counts of asthma emergency
department visits and thunderstorm occurrence
(P = 0.001). Overall, the number of emergency depart-
ment asthma visits was 3% higher on days following
thunderstorms. Rainfall and gusts of wind played a
role, with higher risks of asthma associated with rain-
fall and strong gusts.
Possible mechanism for thunderstorm-related asthma
Much remains to be discovered about the relationship
between asthma attacks and thunderstorms, but there
is reasonable evidence of a causal relationship between
the two when observing patients suffering from pollen
allergies. Much of the evidence has shown that the
asthma epidemics related to thunderstorms are limited
to seasons when there are high atmospheric concentra-
tions of airborne allergenic pollens. Subjects with pol-
len allergy who stay indoors with the window closed
during thunderstorms are not involved; further there
are no observations on the involvement of asthma in
non-allergic subjects [3–5]. Thunderstorms can concen-
trate pollen grains at ground level which may release
allergenic particles of respirable size into the atmo-
sphere after their rupture by osmotic shock. During the
first 20–30 min of a thunderstorm, patients suffering
from pollen allergy may inhale a high concentration
of the allergenic material that is dispersed into the
atmosphere. This is due to dry updrafts that, during a
thunderstorm, entrain whole pollens into the high
humidity at the cloud base where they may rupture,
followed by cold downdrafts that carry pollen frag-
ments (pollen grains are too large to penetrate the
deeper airways) to ground level where outflows dis-
tribute them. Due to strong electric fields that develop
during thunderstorms, positive ions are released from
the ground and could attach to particles and/or electric
charge may enhance pollen rupture, thus, enhancing
bronchial hyperresponsiveness [16]. This hypothesis
was supported by Buters et al.’ work that showed that
at higher humidity, more allergens, from pollen or
smaller particles, are available in ambient air. These
allergens can likely penetrate deeper into the lung,
provoking more severe symptoms [17].
It has been suggested that grass pollen starch gran-
ules are the most likely cause of associations between
thunderstorms and asthma. Suphioglu et al. [18]
showed that ryegrass pollen grains contain a large
amount of starch granules coated with allergens. After
being ruptured in rainwater by osmotic shock, each
grain can release 700 starch granules, which are small
enough to penetrate the airways and trigger asthma
attacks in previously sensitized subjects. Later Taylor
et al. [16] hypothesized that the turbulent front of the
advancing outflow releases more pollen from flowering
grasses and grass pollen may release large amounts of
paucimicronic allergenic particles, that is cytoplasmatic
starch granules containing grass allergens (allergen-
bearing starch granules), after rupture by osmotic shock
during thunderstorms.
Allergen-bearing starch granules obtained upon con-
tact of pollen with water have been shown to create an
inhalable allergenic aerosol capable of triggering an
early asthmatic response in an experimental study.
Starch granules were shown to be recognized by pol-
len-sensitized rat’s sera and to trigger lymph node cell
proliferation in these rats [19].
In addition to grass pollen, some data implicate Pari-
etaria pollen in thunderstorm-related asthma. Parietaria
pollen does not have starch granules in the cytoplasm,
© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–7
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but can release other paucimicronic cytoplasmic-com-
ponents carrying allergens [3–20].
Due to their very small size (<5 mm), these
microparticles can penetrate the lower airways induc-
ing the occurrence of bronchial allergic symptoms.
Abou Chakra [21] showed that in rats, pollen cyto-
plasmic granules (PCGs) containing allergens are able
to deeply penetrate the respiratory tract and induce
local and strong allergic and inflammatory responses
more closely linked with asthma- than rhinitis-related
allergic symptoms. The proliferative responses of
lymph node cells were similar in PCG- and pollen-
sensitized rats. IgE and IgG1 levels were higher in
pollen- than PCG-sensitized rats. However, eosinophils,
lymphocytes and pro-allergy cytokines in bron-
choalveolar lavage fluid were higher in PCG- than
pollen-sensitized rats.
There is also evidence that increased amounts of pol-
len, as well as increased mould spore counts, have been
found during thunderstorms [5, 10, 22].
In the case of fungal spores, such as Alternaria, the
prerequisites for asthma epidemics associated with
thunderstorms have been described as follows [12, 23]:
(i) a sensitized, atopic, asthmatic individual; (ii) a sud-
den, large allergen exposure; (iii) a large-scale thunder-
storm with cold outflow occurring at a time and
location during an allergen season in which large num-
bers of asthmatics are outdoors; and (iv) sudden release
of large amounts of respirable allergenic fragments,
particularly fungal spores such as Alternaria.
In a recent study, Grinn-Gofron et al. [24] created a
predictive model for hourly concentrations of atmo-
spheric Alternaria and Cladosporium spores on days
with summer storms in Szczecin (Poland) based on
meteorological conditions. They demonstrated statisti-
cally significant relationships between spore concentra-
tion and meteorological parameters: positive for air
temperature and ozone content while negative for rela-
tive humidity. Artificial neural networks (ANNs) were
used to assess the forecasting possibilities. Good perfor-
mance of ANN models in this study suggests that it is
possible to predict spore concentrations from meteoro-
logical variables 2 h in advance and, thus, warn people
with spore-related asthma symptoms about the increas-
ing abundance of airborne fungi on days with storms
[24].
Recently Kim et al. [25] hypothesized that the innate
eosinophilic response to Alternaria extract may
enhance lung inflammation induced by ryegrass. It has
been shown that a single exposure to Alternaria extract
in ryegrass-sensitized and ryegrass-challenged mice
enhances the type 2 lung inflammatory response,
including airway eosinophilia, peribronchial infiltrate
and mucus production, possibly through Th2 cell
recruitment and ILC2 expansion. If translated to
humans, exposure to both grass pollen and Alternaria
may be a potential cause of thunderstorm-related
asthma [25].
Although there is an increasing interest to investigate
thunderstorm-related asthma, published data are scant
[26–33].
Is there a causal link between thunderstorms and
asthma attacks?
To better understand the association between thunder-
storms and asthma attacks in patients suffering from
pollen allergy, we used an epidemiological approach
applying Hill’s criteria of causality (Table 2), the criteria
conditions necessary to provide adequate evidence of a
causal relationship between a risk factor and a conse-
quence [34]. Most of Hill’s criteria support the hypothe-
sis of a causal link of thunderstorms to asthma attacks
through pollen exposure, but there is still some uncer-
tainty [4].
Temporal relationship, strength, dose–response rela-
tionship, consistency, plausibility, consideration of
alternate explanations and specificity are fulfilled.
Instead of, there are only limited, in particular experi-
mental data, which challenges direct evidence on the
intervention of pollen as well as the specificity crite-
rion according to which a single putative cause pro-
duces a specific effect. Only in few studies, the
concentration of pollen and moulds eventually in con-
nection with air pollutant materials was shown to be
closely related to meteorological phenomena (such as
storms, hurricanes and floods) and to affect the inci-
dence of allergic diseases in accordance with weather
changes [35]. For example, Marks et al. [22] demon-
strated that the arrival of a thunderstorm outflow was
accompanied by a large increase in the concentration
of ruptured of pollen grains in ambient air. Pulimood
et al. [23] reported that in the thunderstorm in which
they studied, asthma epidemics were associated with
increased levels of Alternaria, Cladosporium and Didy-
mella spp. Similarly, Anderson et al. [36], observed
that during a thunderstorm period, the pollen
concentration in the air decreased, but the concentra-
tion of mould spores increased, leading to an increase
in the incidence of asthma. Langenberg et al. [37]
showed that as temperature and wind speed increased
and humidity decreased, the concentration of mould
spores in the air increases. Recently, the European
HIALINE project (www.hialine.eu) showed that
although pollen count and allergens in ambient air
follow the same temporal trends, a 10-fold difference
can exist in allergen potency of birch pollen, so that
symptoms might be difficult to correlate with actual
pollen counts, but could correlated with allergen
exposure [38].
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Is it possible to predict thunderstorm-related asthma?
Individual thunderstorms have coincided with up to 10-
fold rises in asthma admissions, and a small increase in
asthma admissions has been reported to be associated
with thunderstorms in general [39]. Depending on the
size of the population at risk, thunderstorm-related
asthma outbreaks may threaten the operative capacity
of health services, as was the case in London in 1994
and 2013 [6, 40]. Clearly, not all thunderstorms are
associated with asthma epidemics. Therefore, even if
there is a causal link between thunderstorms and
asthma, there must be other factors which interact with
thunderstorms that would need to be taken into account
in building any early warning system for asthma epi-
demics [40].
The roles of accompanying meteorological features
and aeroallergens, such as pollen grains and fungal
spores, have been studied in an effort to identify which
risk factors could predict the occurrence of asthma
outbreaks. Newson et al. [26] identified 56 asthma
epidemics defined as periods of exceptionally high
asthma admission counts compared with predictions of
a log-linear autoregressive model. Of note, the authors
measured pollen counts and, for the first time, thunder-
storms using densities of spherics (lightning flashes).
However, the data from Newson et al. [26] do not sup-
port the possibility of predicting asthma outbreaks
using meteorological data and pollen counts. In their
study, thunderstorms and high grass pollen levels pre-
ceded asthma epidemics more often than expected by
chance. However, most thunderstorms, even following
high grass pollen levels, do not precede epidemics, and
most epidemics are not associated with thunderstorms
or unusual weather conditions but to other factors, such
as respiratory infections. One limit of this study is the
Table 2. Hill’s criteria applied to thunderstorm-related asthma
Hill’s criteria Application to the thunderstorm-related asthma
Strength
The stronger the relationship between the independent variable and the
dependent variable, the less likely it is that the relationship is due to
an extraneous variable
Increased risk of asthma attacks in relation to thunderstorms
Consistency
Multiple observations, of an association, with different people under
different circumstances and with different measurement instruments
increase the credibility of a finding
Association between thunderstorm and asthma found in different
studies and different populations
Specificity
Causation is likely if a very specific population at a specific site and
disease with no other likely explanation. The more specific an association
between a factor and an effect is, the bigger the probability of a causal
relationship is [1]
Scantily demonstrated by experimental data (also sparse and
heterogeneous)
Temporality
The effect has to occur after the cause
Thunderstorms always precede asthma attacks
Dose–response relationship
There should be a direct relationship between the risk factor (i.e. the
independent variable) and people’s status on the disease variable (i.e.
the dependent variable)
Increased amount of pollen and mould spores at the beginning of
the thunderstorm associated with increased probability of asthma
attacks in pollen patients and other allergic patients
Plausibility
It is easier to accept an association as causal when there is a rational
and theoretical basis for such a conclusion
Evidence of biological plausibility at the basis of
thunderstorm-related asthma through pollen exposure (allergens
and starch granules in the cytoplasm or other paucimicronic
cytoplasmic-components carrying allergens). Evidence to be
established in the case of mould spores
Coherence
A cause-and-effect interpretation for an association is clearest when it
does not conflict with what is known about the variables under study
and when there are no plausible competing theories or rival hypotheses.
In other words, the association must be coherent with other knowledge
Existing theory and knowledge support the existence of
thunderstorm-related asthma
Experiment
Any related research that is based on experiments will make a causal
inference more plausible
Evidence indicates that prevention is possible by avoiding exposure
to thunderstorm (at is beginning) in pollen patients. At higher
humidity, more allergens, from pollen or smaller particles, are
available in ambient air
Analogy
The effect of similar factors may be considered
Alternate hypothesis involving chemical air pollution less
explanatory than thunderstorm-related asthma
© 2016 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 1–7
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exclusive use of grass pollen and the exclusion of the
other aeroallergens. The potential inclusion of a wider
range of aeroallergens to early warning for thunder-
storm asthma deserves further assessment. Despite the
increasing amount of data on the allergen content of
ambient air published in recent years [27, 28], to date
pollen or mould allergens have never been quantified
during a thunderstorm.
Therefore, early warning systems for thunderstorm
asthma currently have limited practical applications [4,
38]. The European HIALINE project (www.hialine.eu)
could take a step forward in the development of early
warning systems for thunderstorm asthma providing
conclusive data on the actual changes in the allergenic
load of the air during such an extreme precipitative
event [27].
Conclusions
There is increasing evidence that thunderstorms trigger
epidemics of asthma during the pollen season by wash-
ing down pollen grains and concentrating them in a
band of air at ground level. Cytoplasmic granules of
small size are released from the pollen grains by con-
tact with rainwater. As a consequence, at the onset of a
thunderstorm, there is a high respirable allergen load in
the air and these conditions might expose susceptible
subjects to a high increase of pollen allergens in the
atmosphere [1–7, 22, 33–40]. Pollen allergic patients
who encounter the allergenic cloud would be more sus-
ceptible to undergo an asthma attack. The characteris-
tics of described outbreaks of thunderstorm-associated
asthma are summarized in Table 3. The thunderstorm-
asthma outbreaks are characterized, at the beginning of
thunderstorms by a rapid increase of visits for asthma
in general practitioner or hospital emergency depart-
ments. Unfortunately, identifying risk factors to be used
to build any early warning system for asthma outbreaks
has been shown as difficult [32]. However, the potential
of using emergency department attendance data has
been shown as useful in London [33]. A statistically
significant spike in asthma attendances in two EDSSS
emergency departments in London was detected on 23
July 2013, coinciding with a series of large violent
thunderstorms across southern England. There was also
an increase in the reported severity of these atten-
dances.
In light of the above, subjects affected by pollen
allergy, as well as subjects affected by seasonal rhinitis
without asthma symptoms, should be alerted to the
danger of being outdoors during a thunderstorm in the
pollen season, as such events may be an important
cause of severe exacerbation of asthma [1–7, 22, 34–
40]. Such a risk is likely to increase in relation to cli-
mate change and related extreme events.
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